The advantage of optical bistability (OB) using three-level electromagnetically induced transparency (EIT) atomic system over the two-level system is its controllability, as absorption, dispersion, and optical nonlinearity in one of the atomic transitions can be modified considerably by the field interacting with nearby atomic transitions. This is due to induced atomic coherences generated in such EIT system. The inclusion of near dipole-dipole (NDD) interaction among atoms further modifies absorption, dispersion, and optical nonlinearity of three-level EIT system and the OB can also be controlled by this interaction, producing OB to multistability.
Introduction
Atomic optical bistability (AOB) is a phenomenon that exploits both the cooperative nature of the interaction between a group of atoms with the field and its strong nonlinearity. The essential element in AOB is the nonlinear relation between the applied electromagnetic field and the electromagnetic field that is radiated by the atomic dipoles, when the actions of all the other dipoles are taken into account. Cooperative radiation therefore plays a key role in bistability [1] .
The optical bistability (OB) in an ensemble of two-level atomic systems contained inside an optical cavity has been extensively studied in the decade of eighties and early years of nineties. The studies were focused mainly on to utilize the phenomenon of OB tion. In systems used for quantum information processing the entanglement of qubits [30] can be achieved through dipole-dipole interaction. The dipole-dipole interaction is also important during the photosynthesis process [31, 32] . The desired value of dipoledipole or NDD interaction among entities can be achieved by change of the number density. The dipoledipole interaction strength and its direction depends on environmental electromagnetic field modes, which can be obtained by directional stop-gaps or manipulating degeneration of the field modes [33, 34] . By using specific optical confinement structures, the desired dipoledipole interaction can be realized [35, 36] .
Recently, the dynamical evolution of a three-level Λ-type atomic system including near-dipoledipole interaction was investigated. The linear and third order non-linear susceptibilities for the probe transition was studied and details of absorption and dispersion in the probe transition and dynamic evolution of the system were obtained [37] . The aim of this work is to study the phenomenon of OB in a three-level Λ-type system including NDD interaction among atoms and thus demonstrate the controllability of OB via NDD interaction.
The remaining paper is organized as follows. In Section 2 the model for this work for OB is described. Numerical results for OB are discussed in Section 3 by the solution of the exact density matrix equation. In Section 4 some concluding remarks are presented.
The Model
We consider a cavity illustrated in Fig. 1 , in which there is a nonlinear medium of length L in one arm, driven by a field E I P that travels the medium in one direction only [23, 38] . We assume that the input and output mirrors, M 1 and M 2 , have identical reflectance √ R and transmittance √ T amplitudes (with T = 1 − R), whereas the other two mirrors are fully reflecting (R = 1). We also assume that the mirror separation is adjusted so that the cavity is tuned to near resonance with the applied fields. The nonlinear medium consists of a three-level atomic system with energy levels E i (i = 1, 2, 3) and in a Λ-type configuration (E 2 > E 3 > E 1 ), interacting with probe and coupling lasers of frequencies ω P and ω C , with amplitudes E P and E C , respectively (see Fig. 2 ). The probe laser acts on the dipole-allowed transition |1 → |2 , with energy difference ω 21 and frequency detuning ∆ P = ω P − ω 21 . The coupling laser couples to the other dipole-allowed transition |2 → |3 , with energy difference ω 23 and frequency detuning ∆ C = ω C − ω 23 .
In the semiclassical approximation, where the system interacts with the classical electromagnetic fields of the two lasers, the Liouville equations of the density-matrix elements in the dipole and rotating wave approximation, including NDD interaction as 3 described in [37] , have the forṁ
where ε P L and ε C L are complex, microscopic, slowly-varying electric field envelopes of the probe and coupling fields, respectively; γ 21 and γ 23 are the radiative decay rates from level |2 to levels |1 and |3 , respectively; population decays from level |3 back to level |1 at a rate γ 31 in non-radiative manner, and we define γ = The combined electric field acting on each atom inside the cavity is the sum of the probe and coupling fields, so that
The probe field E P at frequency ω P (interacting with the atomic transition |1 → |2 ) circulates inside the cavity acting as the cavity field. The coupling field E C at frequency ω C (coupling transition |3 → |2 ) does not circulate inside the optical ring cavity as shown in Fig. 1 . However, the two fields propagate through the nonlinear medium in the same direction, so the first-order Doppler effect in this three-level, EIT system can be eliminated [16] . In fact, the coupling field behaves like a controlling field. The field E P enters the cavity from the partially transparent mirror M 1 and drives the nonlinear medium. To determine the field inside the unidirectional ring cavity, we write the relations obtained by boundary conditions [38] 
where the length of the atomic sample is specified by the parameter L, is the side arm length between M 2 and M 3 (and also M 4 and M 1 ), and the time taken by light to travel from mirror M 2 to M 1 via mirrors M 3 and M 4 is given by ∆t = (2 + L)/c. The cavity 4 frequency detuning is defined as δ 0 = (ω cav − ω P )L T /c, where ω cav is the frequency of the nearest cavity mode to frequency ω P , and L T ≈ 2( + L) represents the round-trip length of the ring cavity. The dynamical evolution of the probe field inside the optical cavity is described by the Maxwell's equation (in the slowly-varying envelope approximation) [38] 
where P (ω P ) = N µ 21 ρ 12 is the induced atomic polarization responsible for AOB, and N is the number density of atoms. In order to obtain the polarization P (ω P ), one needs to first solve the set of density-matrix equations (1) in the steady-state limit, then integrate (5) over the length of the atomic sample using (3) and (4). The steady-state boundary conditions can be written as [38] 
Results and Discussion
We solved equations (1) numerically and plotted the cavity output field (E Figure 3(a) shows the curves for a three-level system in Raman configuration of its levels with no dipole-dipole interaction for different Ω C values of the coupling field. The atomic sample is kept inside the cavity (see Fig. 1 ). The parameters used were γ D 21 = γ D 23 = 0, ∆ P = ∆ C = 0, P = C = 0, and C = 150 as the cooperative parameter for OB [38] . We changed Ω C to 0.05, 0.1, 0.2, 0.5, and 1.0. For a small Ω C , the OB threshold was large (solid line curve). When we increased Ω C , the threshold reduced, as seen in the figure. For a very large Ω C , the OB feature disappeared. The effect of a finite detuning of the coupling field is shown in Fig. 3(b) . Here, the only parameter modified was ∆ C = 1.0 leaving the other parameters unchanged. The non-zero coupling field detuning enhanced the OB threshold, as it can be observed by comparing the solid lines in Figs. 3(a) and 3(b) . This threshold decreased for bigger values of the coupling field. The different curves correspond to values of Ω C = 1.0, 3.0, 5.0, 7.0, and 10 (see [38] ). Figures 4(a,b) showed the impact of non-zero, real and imaginary parts of NDD interaction. We used parameters γ The effect of the imaginary part of NDD interaction is depicted in the curves plotted (Fig. 4(a) ) for P = C = 0.1, 0.5, 1.0, 1.5, and 2.0. For smaller values of (0.1, 0.5), the curves showed OB. For a further increase in the value of (1.0, 1.5, 2.0), we observed the interesting phenomenon of optical multistabilty in the curves. The threshold of all these OB and multistability curves can be altered by modifying the value of the coupling field because this changes the induced coherence and hence the threshold. One such interesting study is shown in Fig. 4(b) , where we changed Ω C to 3.0 but kept all other parameters the same. By doing so, the threshold of OB and multistability curves came down. Again, this was due to the altered induced coherence. 0 and 3.0) , we found multistability that gradually changed to OB as Ω C further increased to 5.0, 7.0 and 10.0. Thus for a fixed value of the NDD parameter (imaginary part), the transition from OB to multistability can be controlled by changing the coupling field strength. However, when we introduced the real part of a NDD parameter, such as γ Fig. 5(b) , the shape of all curves remained similar to those in Fig. 5(a) but the OB threshold of all curves increased. This effect is because of the associated increase in the system's dampening that reduces the induced coherence.
For Fig. 6(a) , the values for the NDD parameters were C = P = 2.0, γ Figures 6(a,b) showed reduction in the multistability structure for Ω C = 1.0 when compared with Fig. 5(a,b) . Ω C = 3.0 still showed multistability, but the threshold raised as compared to those in Figs. 5(a,b) . For further increase in Ω C , all curves displayed OB but with an augmented threshold value. The physical interpretation of these results is implicit in the manipulation of the physical properties of the three-level, EIT medium considered in this work. We achieved this by varying the coupling field and the NDD interaction parameters in the atomic system that changed its generated atomic coherence [37] . While keeping the coupling field constant, we varied the NDD parameters to control absorption, dispersion, and nonlinearity of the medium and to get changes in its OB.
Conclusion
In this work, we studied the optical bistability displayed by a three-level, Λ-type electromagnetic induced transparency medium including near dipole-dipole interaction. The inclusion of NDD interaction provided another control parameter for changing the absorption, dispersion, and nonlinearity of such EIT system. In fact, by modifying the number density of the atomic medium, we may obtain wanted values of NDD parameters. Consequently, by the combined effect of the coupling field and NDD interaction parameters, the system exhibits interesting changes as it passes from OB to optical multistability. This results could be experimentally realized in the three-level atomic system described in Refs. [23, 38] . P and E T P , respectively, while the coupling field is represented by 
